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The ability to measure the activity of ion channels at the single molecule level
in isolated planar lipid bilayers (PLB) is a critical tool for understanding the
mechanism of such proteins. This is particularly important in the light of the
many physiologically important ion channels that have been recombinantly ex-
pressed and reconstituted in recent times. However, most current PLB tech-
niques involving bilayers painted across apertures >100 mm suffer from high
noise arising from the capacitance of the bilayer and are severely limited in
bandwidth. High noise and low bandwidth makes it difficult to investigate
the fast gating properties of certain channels, thereby requiring complicated
patch-clamp experiments.
We have previously reported on the development of a novel platform, Nano-
patch, based on glass nanopore membranes (GNMs, 200-3000 nm radius
pore size), for performing high bandwidth, low noise measurements of ion
channels on robust PLBs. Here we show further development of the platform
with lower noise achieved with quartz membranes (QNMs), automated bilayer
formation, and an electronically controlled auto-toggle routine for automated
protein insertion. We also demonstrate the successful membrane incorporation
and characterization of two multimeric ion channel proteins: the Ryanodine
Receptor (RyR2) and the Transient receptor potential melastatin 8 (Trpm8).
RyR2 channels were incorporated through osmotic swelling induced fusion
of vesicles prepared from the sarcoplasmic reticulum, while Trpm8 channels
were directly incorporated from a detergent solubilized protein solution. These
experiments demonstrate the possibility of performing automated PLB mea-
surements with patch-clamp like noise performance for a wide variety of ion
channels.
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Channelrhodopsin-2 (ChR2) is a microbial-type rhodopsin that, together with
channelrhodopsin-1, mediates phototactic behavior in the green algae Chlamy-
domonas reinhardtii. Like all other microbial-type rhodopsins, ChR2 has seven
transmembrane domains with the chromophore all-trans retinal bound to a sin-
gle lysine residue. However, unlike other microbial-type rhodopsins, ChR2
functions as a non-selective cation channel and not an ion pump. A sequence
alignment of ChR2 with the proton pump bacteriorhodopsin (bR) reveals that
ChR2 lacks specific motifs within the transmembrane domains that facilitate
non-covalent interactions and contribute to protein stability. Specifically, there
are eight TM serine residues, which have a high propensity for forming inter-
and intrahelical hydrogen-bonds, present in bR that are absent in ChR2. We
hypothesized that the re-introduction of serine residues at homologous
positions in ChR2 would facilitate hydrogen-bonding, thus reducing the pore
diameter of ChR2. We measured kinetics, reversal potentials, and calculated
permeability ratios of alkali metal solutions using two-electrode voltage
clamp. Applying excluded volume theory, we determined the minimum pore
diameter of wild-type and mutant ChR2. Three mutants had either reduced
functionality or low surface expression. Furthermore, four ChR2 mutants
were determined to have smaller pore diameters than wild-type ChR2 while
one mutant was similar to the phenotype, but had two-fold slower kinetics.
Lastly, we replaced an endogenous serine residue with alanine and observed
an increase in the pore diameter. An analysis of experimental results shows
that re-introducing serine residues into the transmembrane domain of ChR2
can restrict the pore diameter while the removal of a transmembrane serine
results in a larger pore. We suggest that the pore restriction is caused by the
formation of an inter- or intrahelical hydrogen-bond and that multiple posi-
tions along the intracellular side of the transmembrane domains contribute
to cation permeability.
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Jaume I, Castello´n, Spain.OmpF is a protein that forms water-filled, wide channels in the outer membrane
of Escherichia coli. Previous studies have shown that the narrowest part of
OmpF aqueous pore is largely responsible for its characteristic transport prop-
erties. To a large extent the pore eyelet controls the conductance and selectivity
of the channel. In addition, the channel crystal structure obtained from a MgCl2
solution of the protein showed that Mg2þ ions bind between two acidic residues
located at the channel constriction. Subsequent studies have demonstrated that
this binding causes OmpF selectivity inversion. Here, we aim to get further
insight into the effects of MgCl2 binding on OmpF ion conduction through
the analysis of current fluctuations. We use planar lipid bilayer electrophysiol-
ogy to measure time-resolved single-channel currents and analyze the associ-
ated fluctuations. We first evaluate the high-frequency regime for different
concentrations of KCl and identify a contribution to the spectrum that seems
to arise from surface charge fluctuations. We then compare these results with
those obtained in MgCl2 . In addition, we analyze the low-frequency current
noise, which shows the characteristic Lorentzian profile, and study its depen-
dence on electrolyte concentration in the presence of monovalent and divalent
cations.
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OmpF is a general diffusion porin located at the outer membrane of Escherichia
coli. Its aqueous pore has an hour-glass shape with a narrow constriction placed
at about half of the channel pathway. Two acidic residues in this region face
a cluster of three positive arginines, creating a high transverse electric field.
This separates the permeation trajectories of cations and anions, resulting in
a particularly effective permeation.
We previously reported that millimolar concentrations of LaCl3 added to
a symmetric KCl solution also yield a current reduction in OmpF channel
[1]. Here we use planar bilayer electrophysiology to understand several charac-
teristic features of the partial channel blocking induced by lanthanum ion:
1) La3þ cations reduce the current only when they are added at one side of
the membrane (the side of protein addition); 2) The reduction in channel
conductance only appears for positive applied potentials; 3) The current inhibi-
tion is significantly dependent on the concentration of the supporting electro-
lyte, KCl; 4) These three effects become apparent with tiny quantities of
La3þ ions.
We demonstrate that a competitive interaction between La3þ and Kþ ions is
compatible with the asymmetric inhibition. In addition, we analyze the voltage
dependence of the current reduction to obtain information about the asymmetry
of the blocking. Finally, we show that the substitution of several residues
located at the OmpF central constriction can either enhance or inhibit the
lanthanum block, pointing out that the interaction between La3þ ions and the
OmpF channel is likely to occur in the vicinity of the mutated residues.
[1] C. Verdia´-Ba´guena, et al. (2012) J. Phys. Chem. C 116, 65376542
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Plant cells express in their plasma membrane (PM) a complex set of aquapor-
ins, responsible of increasing the osmotic permeability (Pf) and thus allowing
faster water adjustments. This set includes PIP aquaporins, which also sense
cytosolic acidification blocking the water pathway through their pores. A sub-
group known as PIP1 have proven in many different plant species to addition-
ally request physical interaction with a PIP2 aquaporin reflecting a differential
modulatory mechanism. Here we explore how a fruit specific PIP1 aquaporin
from Fragaria x ananassa -FaPIP1;1- contributes to modulate the PM in terms
of Pf and pH sensing. Being already characterized FaPIP2;1 properties (Alleva
et al., 2010 J Exp Bot) we designed a FaPIP2;1 mutant with the initial purpose
of occluding its pore by replacing a highly conserved residue (N228D). The ex-
perimental approach included i) functional studies (measuring Pf in Xenopus
oocytes) and ii) localization studies (fluorescence confocal analysis employing
YPF-FaPIPs). Our results show that i) FaPIP1;1 is capable of reaching the PM
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FaPIP2;1-FaPIP1;1 resulted in higher Pf than N228D-FaPIP1;1, iii) pH sensi-
tivity measured in terms of EC50 are the same for both coexpressions. Our
results allows us to hypothesized that the Pf showed by the coexpression of
FaPIP1;1-N228D could represent FaPIP1;1 water transport capacity, being
N228D inactive as a water channel. The contribution of FaPIP1;1 is relevant
in terms of increasing faster water adjustments in the PM and allowing blocking
the pores at a more physiological pH.
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We identified CALHM1 as a pore-forming subunit of a plasma membrane ion
channel with weak ion selectivity and unique coupled allosteric gating regula-
tion by voltage and extracellular Ca2þ (Ca2þo) (PNAS 109: E1963 (2012)).
CALHM1 is expressed in mouse cortical neurons where it accounts for low
[Ca2þ]o-enhanced conductance and action potential firing. We recently deter-
mined that a CALHM1 channel is a hexamer with an estimated effective
pore diameter ~14A˚.Extracellular adenosine 5’-triphosphate (ATP) plays crit-
ical roles in physiological and signal transduction processes. We examined
whether ATP can permeate CALHM1 channels. Reducing [Ca2þ]o to activate
CALHM1 induced ATP release from hCALHM1-expressing HeLa and COS-1
cells, and Xenopus oocytes. Neither CALHM1 expression nor lowering [Ca2þ]o
caused cell damage. Involvement of other possible mechanisms was ruled out
because ATP release was unaffected by Brefeldin A (vesicular release), DCPIB
(volume-sensitive Cl channels), A438079 (P2X7 receptors), heptanol and car-
benoxolone (connexins and pannexins). In contrast, ruthenium red (RuR),
which inhibits CALHM1 currents, abolished low [Ca2þ]o-evoked ATP release.
Thus, CALHM1 expression induces a novel ATP permeability. Ca2þo inhibited
ATP release with IC50 = 495 mM and Hill coefficient of 1.9, kinetic properties
similar to those of its gating regulation. Membrane depolarization activates
CALHM1 channels in normal [Ca2þ]o. hCALHM1-expressing but not mock-
transfected cells released ATP in response to high [Kþ]o-induced depolariza-
tion in normal [Ca2þ]o, which was inhibited by RuR but not by connexin and
pannexin-1 blockers. Thus, regulation of ATP release is correlated with the
gating properties of CALHM1 channels, indicating that the CALHM1 channel
is the conduit for ATP release. These results demonstrate that CALHM1 is
a voltage-gated ATP release channel that may contribute to ATP release in
physiological and pathological conditions.
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Taste buds (TB), composed of three distinct types of cells (type I, II and III),
sense taste compounds and transmit signals to afferent gustatory neural
pathways. Neurotransmission of sweet and bitter tastes requires non-
vesicular release from type II cells of adenosine 5’-triphosphate (ATP) which
acts as a neurotransmitter to activate afferent neural pathways. However,
how ATP is released is uncertain. We recently identified CALHM1 as an
ATP-permeable ion channel, and CALHM1 was found to be expressed in pri-
mate TB. Therefore, we examined the possibility that CALHM1 mediates ATP
release from type II cells during sweet and bitter perception. By in situ hybrid-
ization, Calhm1 was expressed in mouse TB but not in surrounding epithelium.
Loss of Calhm1 signal in TB of Skn-1a-/- mice in which type II cells are devel-
opmentally absent demonstrates that Calhm1 expression is confined to sweet/
bitter-sensing type II cells. To examine CALHM1 function, we generated
a constitutive Calhm1-/- mouse and verified loss of Calhm1 expression in
TB. Calhm1-/- mice were viable and fertile, with no overt morphological or
marker-gene expression abnormalities in their TB. Knockout of Calhm1 signif-
icantly reduced voltage-dependent currents in type II cells, which were in-
hibited by ruthenium red, a CALHM1 channel blocker, but was without
effects on the excitability of taste cells to taste stimuli. Strikingly, taste-
evoked release ATP release from TB was abolished in Calhm1-/- mice. Finally,
Calhm1 deficiency eliminated behavioral responses to sweet and bitter taste
stimuli but did not impact salty and sour tastes. Thus, CALHM1 is an essentialcomponent of sweet and bitter perception as the neurotransmitter (ATP) release
pathway.
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Protective antigen (PA), a critical 83kDa protein component of the anthrax
toxin, forms channels in cell membranes which allow for the transport of
two toxin components, lethal factor (LF) and edema factor (EF), into cells.
The heptameric channel formed by PA63 (the 63 kDa, C-terminal part of PA)
is thought to be a mushroom-shaped structure, with seven phenylalanine resi-
dues forming a ring (known as the phenylalanine clamp) at the junction be-
tween the cap and the stem. It is known that when LF is driven through the
channel by an applied DV across the membrane, the seal created by the phenyl-
alanine clamp causes an essentially complete block of conduction, but it is not
known whether the stem of the channel allows for any conduction when occu-
pied by LF. We are studying the PA63 channel at both the microscopic and the
macroscopic level in an effort to determine how much conductance, if any, is
allowed when the channel is occupied by LF and the phenylalanine clamp has
been mutated to less bulky alanine residues. Preliminary data suggest that when
LF is added to the cis compartment containing the mutant channel, the block in
conductance (at positive voltages) may not be as complete as when the phenyl-
alanine clamp is present, but it is nonetheless significant. If this is the case, then
the electric field created by the DV across the membrane is focused at the phe-
nylalanine clamp.
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Gap junction (GJ) channels formed by connexin36 (Cx36) play an important
role in neuronal synchronization, and calcium oscillations in insulin-
secreting beta cells. Here we describe a new form of plasticity of Cx36 GJ chan-
nels dependent on intracellular free magnesium ([Mg2þ]i). We examined junc-
tional conductance (gj) and its dependence on transjunctional voltage (Vj) in
HeLa and neuroblastoma N2A cells expressing Cx36 at different [Mg2þ]i. A
remarkable ~3.5-fold increase in gj was observed when [Mg
2þ]i was reduced
to 0.01 mM, and a reduction to ~1/5th of initial values when [Mg2þ]i was aug-
mented to 5 mM; for [Mg2þ]i action EC50= ~0.45 mM. By using a stochastic
16-state model of voltage gating, we demonstrate that lowered [Mg2þ]i in-
creases open channel probability while enhanced [Mg2þ]i reduces it. Similar
changes in conductance and Vj-gating are observed with MgATP or K2ATP,
which increases or decreases [Mg2þ]i, respectively. Changes in phosphoryla-
tion of Cx36 or [Ca2þ]i are not involved in the observed Mg-dependent
modulation of gj. Magnesium ions permeate the channel and transjunctional
asymmetry in [Mg2þ]i results in asymmetric Vj-gating. We propose that the
lumen of Cx36 GJ channels contains binding site(s) for Mg2þ, and that
Mg2þ stabilizes a closed channel conformation. Conductance of GJs formed
by Cx26, 32, 43, 45 and 47 expressed in HeLa cells are also reduced by increas-
ing [Mg2þ]i above resting levels. However, none of these Cxs show increase in
gj upon reduction in [Mg
2þ]I; thus, Cx36 is the only tested Cx sensitive to low-
ering of physiological levels of free Mg2þ. This novel Mg2þ-dependent mod-
ulation of Cx36 GJ channels can be important for changes in neuronal
synchronization and insulin secretion under physiological and pathological
conditions when ATP levels, and consequently [Mg2þ]i, are modified.
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Opening and closing of connexin hemichannels is involved in physiological
paracrine signaling via release of ATP and other cytosolic molecules, but exac-
erbated hemichannel opening caused by mutations or pathological conditions is
detrimental. The molecular mechanisms that control opening and closing of
connexin hemichannels are poorly understood. The crystal structure of human
